Sevenday-old primary myotube cultures derived from embryonic chicken limb muscles were used to determine the effects of the p-adrenergic agonist isoproterenol (ISO) on muscle protein metabolism in vitro. Isoproterenol increased (P .05) total protein accumulation after 2 h of acute exposure and after chronic exposure for 24 and 48 h. Isoproterenol did not consistently retard rate of protein degradation of the total protein (TF' ), myofibrillar protein (MFP) pools, and myosin heavy-chain subunit (MHC); degradation of these protein pools tended to be slowed by inclusion of IS0 in the culture medium. After acute treatment of 1 x l e M IS0 for 2 h, 'IT, but not MFP and MHC, synthesis rate was increased, and after chronic exposure to 1 x lv, 1 x lC5, and 1 x 1@ M ISO, TP, MFP, and MHC synthesis rates and net accumulation of TP, cytoplasmic protein, and MHC fractions were enhanced (P < .05). The padrenergic antagonist propranolol (1 x l F 5 M) blocked chronic stimulatory effects of ISO. Furthermore, after 48 h of exposure to ISO, effects on protein synthesis were less pronounced than those observed after 24 h of exposure. Isoproterenol imparted a more pronounced effect on protein synthesis than on protein degradation, indicating that increased muscle protein accretion observed in animals after IS0 treatment is likely a function of enhanced protein synthesis.
has been reported previously in animals (Eadara et al., 1989; Morgan et al., 1989) and in cultured muscle cells (Rogers and Fagan, 1988 (Emery et al., 1984; Claeys et al., 1989) . The &agonist cimaterol may increase protein synthesis and concomitantly retard protein degradation (Young et al., 1990) . However, several similar P-adrenergic agonists did not alter protein metabolism directly in rat myotube (Klasing and Jamell, 1985; Roeder et al., 1987) or L-8 myotube cultures (McElligott et al., 1989) . The intent of the present study was to define the direct effects of isoproterenol (ISO) on muscle protein metabolism by using primary myotube cultures.
JI AND 0RCU"T

Materials and Methods
concentrations near physiological levels. OxiMyotube Cultures. primary muscle cell cultures were prepared from thigh muscles of 12-d-old broiler embryos and maintained as described by Orcutt and Young (1982) . Complete medium, consisting of 85% Eagle's Minimum Essential Medium5, 10% chicken serurn6, 5% chicken embryo extract, 10 mM HEPFS, and antibiotics (1 x 1 6 units of penicillin/liter, 100 mg of streptomycin/liter, 2.5 mg of amphotericin B/liter, and 25 mg of gentamicin sulfate/liter) was used to plate mechanically dissociated single cells onto 10-cm culture plates coated with type HI collagen. Plating density was 5 x 106 cells per plate. Cells were incubated in an atmosphere of 95% ak5% C02 at 37'C for the duration of each experiment. After cells had replicated so that cultures were confluent, culture medium was replaced with a medium containing only 2% horse serum5 as the serum source for 48 h to initiate fusion. Complete medium was then used to replaced fusion medium to maintain the myotube cultures. Total nuclei and myotube nuclei were enumerated microscopically in 10 random fields after Giemsa staining. The stabilized fusion percentage was 30 to 50% at the time IS0 treatments were initiated. Media used throughout the experiment contained 4.5 g of a-D(+)-glucosefiter to minimize the utilization of amino acids as an energy source. Calcium ion concentration was maintained at 1.5 mM, an optimal concentration for cellular fusion (Konigsberg, 1979) . After treatments were initiated, fresh medium was exchanged every 12 h.
Treatments. preliminary studies in this laboratory demonstrated that the optimal concentration of (*)-isoproterenols for inducing maximal potentiation of protein accretion in primary chicken myotube cultures was approximately 1 x lW5 M (M. W. Orcutt, unpublished data). Therefore, IS0 at 1 x l e , 1 x l e 5 , or 1 x 10-4 M was included in the medium. These IS0 concentrations are above physiological levels of the similar endogenous p-adrenergic agonists of intact animals. Mea were subsequently incubated in isotope-free medium supplemented with excess unlabeled 10 mM tyrosine and 10 mM lysine. Excess unlabeled amino acids were included in the medium to prevent released radiolabeled amino acids from being reutilized. During this chase period, cultured myotubes from each treatment (0,l x lW5 M, and 1 x lo" M ISO) were harvested at 0, 12,24, 36, and 48 h. Cells were processed as described in the following section.
Cell Processing and Protein Content. Chilled culture plates containing cells for measurement of protein synthesis and degradation were washed three times with cold (0 to 4'C) Hank's balanced buffered saline (BSS) and placed on ice in a cooler (0 to 4'C). Cells were then harvested by scraping them from the culture plates with a plastic spatula. Scraped cells from each plate were transferred to a Dounce manual tissue grinder (tight-fitting pestle) and homogenized gently using 40 strokes. The suspension was then transferred to a centrifuge tube in a total volume of 1.5 ml of BSS. A 40-pl homogenate aliquot was retained for total protein determination. An equal volume of 20% trichloroacetic acid was mixed with the remaining sample. After allowing overnight precipitation at 0 to 4"C, the solution and precipitate were centrifuged, and the pellet was solubilized in tissue solubilize# and dispersed in 10 ml of Soluscint-A* for liquid scintillation counting.
Myosin heavy-chain synthesis and degradation rates were determined by homogenization of scraped muscle cells in 1.5 ml of myosin solubilizing buffer (.25 M KC1, 10 mM Tris, and 10 mM MgClTW20) using a Dounce tissue grinder. Cells were homogenized using 40 strokes. Homogenates were centrifuged at 1,600 x g for 20 min. supernatants were diluted 10-fold to precipitate the KC1 soluble myofobrillar protein fraction (MFP). After overnight precipitation on ice, diluted solutions were centrifuged at 1,600 x g for 50 min. The supernatant was used to estimate the cytoplasmic protein content. Pellets were dissolved in 500 pl of tracking dye (20% glycerol, 10% SDS, 5% P-mercaptoethanol, .05 M TrivHCl, and .01% bromophenyl blue, pH 7.2) by heating to 1 W C for 10 min. Aliquots, dissolved in Hydrofluor8, were taken for liquid scintillation counting to measure myofibrillar protein synthesis or degradation rates. The myosin heavychain fraction (MHC) was separated from the .25 M KC1 soluble protein by electrophoresis with 10% SDS-PAGE using methods of Young et al. (1980) . The MHC subunit was quantified by using a spectrophotometric gel scanner. The 220-kDa gel band was subsequently excised from the gel and dried at 60°C overnight. The dried gel band was solubilized into 30% H202 and then dispersed in 10 ml of Hydrofluor for liquid scintillation counting. The counting efficiency for all samples was 70 to 90%.
Total protein and cytoplasmic protein concentrations were quantified by the method described by Lowry et al. (1951) .
Statistical Analysis. Data were statistically analyzed by ANOVA using the GLM proce dure (SAS, 1988) . Comparison among means was accomplished using the Student-NewmanKed's means separation test (SAS, 1988) . Differences were accepted as sipficant when P e .05. increased by IS0 treatment (Table 1 and Figure 2 ). After 24 h in medium containing 1
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x lW5 M ISO, total and cytoplasmic protein pools and MHC were increased by approximately 36.5, 26.8, and 58.7%, respectively (Figures 1 and 2 ). Moreover, concentrations of both 1 x 10-6 M and 1 x l e M IS0 increased protein accumulation of these protein subunits or protein pools (Table 1 and 48 h (Figures 1 and 2 ). The stimulatory effect of IS0 on protein accretion was measurable as early as 2 h (Figure 3 ), when protein per nucleus increased (P < .05) as concentration of IS0 increased.
Effect of Isoproterenol on Protein Degradation. bperiments in vitro using cultured myotubes were designed to determine the rate of protein degradation as influenced by IS0 and, thereby, to confirm that &adrenergic agonists influence protein degradation. Total protein pool, MFP, and W C subunit rates of degradation were not altered (P > -05) by IS0 treatment (Table 2) . However, MHC subunit degradation rate tended to be retarded by ISO; half-life was increased from 38.4 h for controls to 41.7 or 44.0 h when IS0 was included in culture medium.
Acute Efect of Isoproterenol on Protein Synthesis Rates. Isoproterenol enhancement of protein synthesis was assessed via a pulselabeling technique with which the rate of amino acid incorporation into protein pools was measured. After 2 h of exposure, 1 x l e M IS0 accelerated total protein synthesis rate (Table 3 , P < .05). The synthesis rate was 6.4 x 10-5 dpm/(nucleusmin) for the control cells and 7.2 x dpm/(nucleusdn) for cells exposed to 1 x 10-4 M IS0 for 2 h (Table 3) .
After an additional 2-h incubation, this effect was less pronounced (data not shown). Increased MFP and MHC subunit synthesis rates were not observed after a 2-h incubation with
ISO.
Chronic Effect of Isoproterenol on Protein Synthesis Rate. Myotube cultures were incubated for 24 and 48 h in the presence of IS0 to determine whether the stimulatory effect of IS0 on protein synthesis was extended and expressed on myofibrillar protein fractions. (Figure l) , cytoplasmic protein pools, and MHC subunit accretion (Figure 2 ) and synthesis rate of TP (Figure 4) , MFP protein pools (Figure 5) , and the MHC subunit ( Figure 6 ).
Dlscusslon
Primary myotube cultures were useful for studying the direct effects of p-adrenergic agonists on protein metabolism. The advantage of an in vitro culture system was that the effects of such compounds on circulatory, nervous, and endocrine systems of intact animals were removed, thus allowing the direct effect of P-agonists to be evaluated. Specific effects on protein metabolism produced by sympathomimetic agents were further separated by controlling the extracellular envjronment of the cultured myotubes.
Fibroblasts constituted a high proportion of the total cell population in the primary chicken muscle cell cultures used in the present study. on the metabolism of muscle-specific proteins, the experiments were conducted with primary myotubes contaminated with fibroblasts.
Accretion of the total protein pool and myofibrillar protein (.25 M KC1-extractable protein) and MHC subunit pool was increased by ISO. This is consistent with animal experiments in which muscle protein deposition in livestock (Dalrymple et al., 1984 Ricks et al., 1984a, b; Beermann et al., 1985 Beermann et al., , 1986 Jones et al., 1985; Anderson et al., 1987 Anderson et al., , 1989 Williams et al., 1987; Bergen et al., 1989) and in rodents (Deshaies et al., 1981; Emery et al., 1984; Eadara et al., 1989) were increased by various P-adrenergic agonists.
Protein breakdown, as indicated by half-life of proteins of Tp and MFP pools and the MHC subunit, was unaffected by the P-adrenergic agonist ISO. Results contrast with reported in vivo studies (Garber et al., 1976; Li and Jefferson, 1977; Tischler, 1981; Klasing et al., 1985; Reeds et al., 1986; Wang and Beermann, 1988) and in vitro muscle cell cultures (Rogers and Fagan, 1988; Young et al., 1988) . in which protein degradation was estimated to be reduced in muscle tissues derived from different animals administered various P-adrenergic agonists (Reeds et al., 1986; Bohorov et al., 1987; Morgan et al., 1989) . Isoproterenol, under the conditions of the present study, produced dramatic increases in synthesis rates of TP and MFF' proteins and the MHC subunit following 24-h or longer exposure to ISO. Increased MFP synthesis rate agrees with a study with pigs fed ractopamine (Adeola et al., 1989 ). Increased synthesis rates of MFP and MHC were not observed following acute 2-h exposure. This indicates that the increased protein accretion during the initial period of IS0 treatment was due to proteins of fibroblasts and undifferentiated myoblasts and myotube proteins other than those of the myofibrillar fraction. Increased muscle protein accretion observed during ISO-induced muscle hypertrophy in the absence of other physiological controls is likely the result of increased protein synthesis. Rate of protein degradation is probably unaltered; therefore, reduced effects on protein degradation, if any, may play only a minor role in IS0 enhancement of protein accretion. Consistent with these results, Bergen et al. (1989) reported increased fractional protein synthesis rate in ractopamine-fed pigs. Results also agree with previous research in which a-actin mRNA concentration and aactin fractional synthesis rate was elevated in skeletal muscles from ractopamine-fed pigs, indicating that a-actin synthesis was increased at the pretranslational level (Helferich et al., 1990) . Moreover, increased protein synthesis, but not protein breakdown, was observed in a subclone of L6 myoblasts grown in cell cultures after exposure to ractopamine or clenbuterol (Anderson et al., 1990 Hyperplastic effects of the p-adrenergic agonist IS0 were not noted in the present study. However, IS0 has been reported to be a potent inducer of satellite cell proliferation . Moreover, Beermann (1987) demonstrated that the muscle DNA content of lambs fed cimaterol was 25.9% greater than that of control animals, suggesting enhanced cell proliferation.
The enhancement of T F ' accretion was only partially accounted for by elevation of MFP synthesis rate and the dependent MFP accretion and of water-soluble cytoplasmic protein accretion. It is, therefore, possible that part of the enhanced TP accretion may be attributed to some insoluble protein components contributed by myotubes and the contaminating fibroblasts.
Cells administered both propranolol and IS0 were not different from control cells relative to both accretion and synthesis rates of proteins of TP and MFP pools and the MHC subunit. However, these rates were markedly reduced from those of the ISO-treated cells (Figures 1, 2, 4 , 5, and 6). Reduction of protein accretion and protein synthesis rates suggested that the p-adrenergic antagonist propranolol was capable of direct blockage of the myotube P-adrenergic receptors available for IS0 and that these receptors were necessary for at least part of the ISO-induced increases in protein accretion and protein synthesis rates in cultured myotubes. This was in contrast to the in vivo study of Maltin et al. (1989) in which it was demonstrated that clenbuterol effects were not attenuated by propranolol. The present study supports the hypothesis that isoproterenol, like clenbuterol (MacLennan and Edwards, 1989), stimulates muscle hypertrophy directly via P-adrenergic receptors on myotube surfaces.
implications
Isoproterenol enhanced accretion of total cell protein, cytoplasmic protein, and the myosin heavy-chain subunit in primary chicken myotube cultures. Isoproterenol increased synthesis rates of the total protein pool and the myofibrillar protein and myosin fractions after both acute and chronic administration, The P-adrenergic antagonist propranolol blocked these effects, indicating a direct effect of isoproterenol on protein synthe sis via P-adrenergic receptors. Isoproterenol produced inconsistent effects on muscle protein degradation. This work demonstrated that increased protein accretion observed under isoproterenol treatment was predominantly a result of isoproterenol augmentation of protein synthesis and that protein breakdown was probably unaltered by the intervention of isoproterenol on muscle protein metabolism.
